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such as limestones, in the presence of carbon dioxide 
and water, which leads to development of fractured car-
bonated rocks into open fractures, conduits, and caves 
(Hartmann et al., 2014; Kresic, 2013). The porosity and 
transmissive zones thorough these formations result in 
strong heterogeneity, permitting variable pathways for 
groundwater flow (Hartmann et al., 2014; Kresic, 2013). 
The hydraulic and hydrogeological characteristics make 
these aquifers capable of storing and transporting large 
amounts of water. In the world, karst regions cover ap-
proximately 20% of the planet and supply around 25% 
of the population’s drinking water (Morales, 2010; Ford 
and Williams, 2007). However, contamination can enter 
the groundwater system through recharge areas, which 
can be the connections between surface and subsurface 
features associated with sinkholes, sinking streams, 
caves, conduits, and springs. Water in karst systems 
moves through fractures, conduits, and the rock matrix. 
Differences in flow capacity through these regions give 
rise to a spectrum of flow modes, which range from slow, 
laminar flows to high velocity, highly turbulent flows. 
There is still a lack of understanding of the complicated 
nature of groundwater flow through karst aquifers. 
Tracing techniques are powerful tools to understand wa-
ter movements and contaminant transport in karst sys-
Abstract
Karst terrains contain very productive aquifers. The hy-
draulic and hydrogeological characteristics of karst aqui-
fers make these systems capable of storing and transport-
ing large amounts of water, but also highly vulnerable 
to contamination. Their extremely heterogeneous na-
ture prevents accurate prediction of contaminant fate 
and transport. Even more challenging is to understand 
the impact of hydrologic condition changes on fate and 
transport processes. This study aims at characterizing 
changes in transport processes in the karst groundwater 
system of northern Puerto Rico under different hydro-
logic conditions. The study involves injecting rhodamine 
wt and uranine tracers into a spring cave, and monitoring 
concentrations at different points along the cave during 
different rainfall conditions. Results show that transport 
processes of solutes in eogenetic karst with temporal 
rainfall patterns affect the hydrogeologic flow regime. 
Preliminary results suggest significant differences in fate 
and transport characteristics under different hydrologic 
conditions.
Introduction
Karst landscapes are developed by karstification.  This 
process results in the dissolution of carbonate rocks, 
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tems. Cave tracer test can provide more detailed infor-
mation about flow velocities and transport parameters. 
Injection in sinkholes or streams can deliver informa-
tion on regional flow paths, from injection and recovery 
(Lauber, Ufrecht, & Goldscheider, 2014). Caves acces-
sibility is relatively small, but its water path explora-
tion can provide more details of internal structure and 
hydraulic functioning of the aquifer (Goldscheider, Mei-
man, Pronk, & Smart, 2008). 
Previous publications show investigation of karst aqui-
fers in caves using uranine florescent dye. Results in-
dicated uranine breakthrough curves (BTCs) recov-
ers almost 100% for low and high flows. But, in low 
flow recovery was between 27% and 75% (Göppert & 
Goldscheider, 2008). Many transport studies have been 
conducted in telogenetic karst systems (I. Y. Padilla & 
Vesper, 2018). This works focuses on open-channel cave 
conduit characteristics in an eogenetic karst system in 
northern Puerto Rico. The work relies on tracer tests to 
assess hydraulic parameters of these systems and the 
influenced of this component under different rainfall 
events, wet and dry seasons. 
Study Area (Site)
The island of Puerto Rico is located between the Carib-
bean Sea and the North Atlantic Ocean. Historically, 
Puerto Rico is subjected to two seasonal periods based 
on monthly rainfall: a wet season from May through No-
vember and a dry season from December through April 
(Cherry, 2001; Torres et al., 2018; Yu et al., 2015).  
In Puerto Rico, karst regions cover 27.5% of the island, 
from which 19% is located on the northern region, and 
contains the most productive aquifer of the island (Mo-
lina-Rivera, 2009). The landscape in this region is char-
acterized by deep dolines, separated by high hills called 
mogotes (Lugo et al. 2001).  The northern karst region 
contains an upper and lower karst aquifer, separated by 
a confined layer of clay, mudstone and marl.  The upper 
aquifer is within two hundred meters of the island sur-
face and it is considered unconfined. It is comprised of 
the Aymamón and Aguada Limestones. The Aymamón 
unit overlies the Aguada limestone. Both are formed of 
predominant backreef limestone deposits, which in the 
Aymamón formation are predominantly chalk when 
compared to the more crystalline in the Aguada forma-
tion (Veve, and Taggart, 1996). The Aymamón is over-
lain by Quaternary deposits of sandy and silty clays. The 
lower aquifer is at greater depths, and it is considered 
confined. It is mostly comprised of the Montebello and 
Lares Limestone formations (Renken et al. 2002). 
These aquifer system in the northern karst region of 
Puerto Rico serves as a main source of fresh water for 
thousands of residents and industries. (Veve and Taggart, 
1996, Padilla et al., 2011). The aquifers have sustained 
population and industrial growth in the area. This growth 
has unfortunately resulted in a long history of contami-
nation from accidental spills, deliberate disposal, land-
fills and clandestine waste disposal (Yu et al., 2015; 
Padilla, Irizarry, & Steele, 2011). Major contamination 
in the region has led to twelve superfund sites, located 
in the northern area, out of the twenty-five found in the 
whole island (Figure 1; EPA, 2019).   
The tracer study was performed in El Tallonal natural 
reserve, located in the municipality of Arecibo, Puer-
to Rico (Figure 1). The Tallonal site lies on the upper 
aquifer of the northern karst region. The Tallonal spring 
flows from within a cave and is considered a conduit-
dominated spring (Quinones-Aponte, 1986). Based on 
its cartography (Figure 2), the cave is 110 meters long 
and has heights of up to about 4 m with spring water 
temperatures of approximately 23°C. 
Methodology
The effect of hydrologic conditions on transport charac-
teristics in the cave conduit at Tallonal was assessed by 
conducting tracer test at different hydrologic conditions, 
such as rainfall. The specific methods of analysis are de-
scribed below. 
Figure 1.  Principal aquifers and superfunds in 
Puerto Rico (modified from Renken et al., 2002) 
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Different Hydrological Conditions 
The seasonal hydrological conditions were evaluated 
and classified as “extremely dry”, “dry”, “wet”, and 
“extremely wet”, according to the approximate total 
monthly precipitation. Precipitation data were obtained 
from National Oceanic and Atmospheric Administration 
(NOAA) stations in the Arecibo area. Two NOAA Sta-
tions (NOAA, 2019) with daily precipitation data from 
2013 to 2019 were used to calculate total monthly pre-
cipitation. Quartiles (Qi) were calculated using the total 
monthly precipitation from the stations over the 7-year 
period: if the total monthly precipitation (TMP) for the 
month of measurement was less than Q1, that month was 
classified as “extremely dry”; if TMP was greater than 
Q
1
 but less than Q2, that month was classified as “dry”; 
if TMP was greater than Q2  but less than Q3, it was clas-
sified as “wet”; and if TMP was greater than Q
3
, it was 
classified as “extremely wet”. Total antecedent rainfall 
(TAR) is defined as the total amount of rain falling with-
in months prior to the tracer test month. TAR is believed 
to influence the amount of groundwater stored in the sys-
tems and potentially discharging into the cave conduit 
(Longenecker et al., 2017).
Tracers
To meet the objective of this study, several tracer tests 
were conducted inside the Tallonal cave using uranine 
and rhorodamine wt fluorescent dyes. These tracers were 
selected because they are commonly used for ground-
water tracing studies (Axelsson, Björnsson, & Montal-
vo, 2005; Hartmann et al., 2014), are inexpensive, and 
nontoxic and have low detection limits (Axelsson et al., 
2005). The detection limits for uranine and rodamine wt 
are 10-3µg/L and 10-2µg/L, respectively. 
Five tracer tests were performed. In 2018, two experi-
ments were conducted in July and October, while in 
2019, experiments were conducted in February, March 
and June. A total mass of 2.88 g was injected for both 
uranine and rhodamine wt during the July and October 
2018 test, whereas a total mas of 1.44g was injected for 
the other experiments. 
Data Collection
Water samples were collected before the tracer injection 
as background concentrations in the spring. After the in-
Figure 2.  Tallonal Spring Cartography (M. Lace). Purple and red circles show tracer injection and 
sampling point sites, respectively.
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of measurements. The variance (s2) of the temporal 
concentration distribution (Equation 3), which is related 
to dispersive and mass transfer processes, was calculated 
as
jection, samples were collected using a discrete quan-
titative sampling method (Goldscheider et al., 2008). 
Discrete sampling consists in taking manual samples in 
plastics bottles at different points and times. All the ex-
periments lasted one hour, except the one made in July, 
which lasted half-hour. Samples were collected every 20 
seconds for the first five minutes. Thereafter, samples 
were collected at 8, 11, 14, 17, 20, 23, 26, 30, 35, 40, 45, 
50, 55 and 60 minutes. Dye concentrations were mea-
sured after collection by analyzing water samples with a 
field spectrophotometer.
In each experiment, the manual samples were collected 
in three different points inside the cave, shown as point 
A, point B and Point C in Figure 2. Point A was 6.2 me-
ters from the injection point, point B was 12.3 meters 
from point A and Point C was 22.7 meters from point 
A.  Flow (Qm) was measured at point B using a portable 
velocity meter (Hach FH950) and sectional area during 
the 2019 tracer experiments.
Data Analysis
Temporal concentration distributions (TCDs) at each 
sampling location was analyzed qualitatively and quan-
titatively using the methods of moment. Equation 1 was 
used to obtain temporal moments (Goldscheider et al., 
2008) (Chapra, 2003). 
Equation 1
Where Mn represents the moment of order n=0, 1, 2. 
Time of travel (tt; Equation 2) was estimated as the first 
moment (M
1
) divided by the zeroth moment (M0). 
Table 1.  Statistic results for total monthly rainfall 
in two NOAA Arecibo Stations. 
Equation 2
Velocity is estimated as the distance between two points 
divided by the time of travel between those points. 
Estimated flows (Qe) were calculated from velocity 
estimates and measured cross sectional areas at point 
Equation 3
Total mass recovered was estimated as the product of M0 
and flow. When available, measured flow was used to es-
timate recovered mass. Otherwise, flows estimated from 
velocity estimates (velocity x flow area) using travel 
times were used. Percent mass recovered was estimated 
as the fraction of total mass recovered over the injected 
mass.
Results
Categorical Rainfall
The quartiles obtained from the monthly total precipi-
tation analysis of the two Arecibo station closer to the 
Tallonal Spring are 82.3, 128.8 and 192 for Q
1
, Q2, and 
Q
3
, respectably. Results show that February and March 
of 2019 are, as expected, extremely dry and dry and Oc-
tober 2018 and June 2019 are wet (Table 1). In contrast, 
July 2018 is extremely dry, which is not as expected 
based on historical records. 
Results of Tracer Injections 
All tracer experiments show TCDs with single peaks. 
Though rhodamine wt and uranine tracers tend to show 
similar behavior (Figure 3) in almost all experimental 
sites along the cave, uranine concentrations and their 
respective recoveries are lower. Overall, recovery of 
uranine is about 43% (±13%) of that for rhodamine 
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rized as wet (Figure 5). However, peak concentrations 
for July 2018, which is also categorized as extremely 
dry, tend to arrive at earlier times than those for Octo-
ber 2018 (Figure 5). This is attributed to high total an-
tecedent rainfall (Table 3) before July 2018, relative to 
that in October 2018 and February 2019. A sensitivity 
analysis relating time of travel to TAR indicates that 
the 3 months preceding the month of testing show the 
strongest relationship. Results indicate that solute trans-
port in the cave, which lies within an eogenetic karst, is 
influenced by conduit flow entering the system during 
rain events and flow previously stored in the groundwa-
ter systems during previous rainfall events.  Estimated 
velocities within the cave tend to increase with anteced-
ent rainfall and vary along reaches (Table 3). Because 
of the wide ranges in TCD tailing, as reflected in the 
wt. We therefore, focus this work on the rhodamine wt 
results. As expected, TCDs show earlier arrival times, 
higher relative concentrations, and lower variance at the 
measurement points closer to injection (Figure 4; Table 
2). 
Results show that TCDs vary depending on the hydro-
logic regime (Table 1), but also on other factors such 
as the total antecedent rainfall. For instance, a TCD for 
February 2019, which is categorized as extremely dry, 
shows that maximum concentrations arrive a given dis-
tance at later times than October 2018, which is catego-
Figure 3.   Temporal relative concentration 
distributions for rhodamine wt and uranine at 
point B on October 2018.
Figure 4.  Temporal relative concentration 
distributions for rhodamine wt at points A, B, 
and C on October 2018.
Table 2.  Time of travel and variance of TCDs 
for rhodamine wt tracer at points A, B, and C 
on October 2018.
Figure 5.  Temporal relative concentration 
distributions for rhodamine wt at points A, 
B, and C at various dates and hydrologic 
regimes.
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test. Although only 3 points were compared, result show 
a linear fit (Figure 7). Measured and tracer-estimated 
flows are similar at the lower flow ranges. At the higher 
flow, the tracer-estimated flow is lower than the mea-
sured one. This is attributed to slower tracer velocities 
estimated from the moment analysis as a result of later 
time of arrival of the tracer’s center of mass and greater 
tailing of the breakthrough curve (Point B, Figure 5). 
The slower velocity from the tracer test compared to 
the measured ones suggests additional sources of water 
entering downstream of the injection point during those 
conditions.
Because flows estimated from tracer tests were more 
complete, they were used for the analysis. Results show 
that the highest flow was obtained during the July 2018 
variances (Table 3), velocities estimated from M1 travel 
times (v
M1
) differ at times from velocities estimated from 
the arrival of the peak concentration (vmax). Peak con-
centrations are logarithmically related to vmax (Figure 6), 
suggesting advection-controlled maximum concentra-
tions. TCD variances are generally higher for the farthest 
downstream measuring point (point C) and tend to in-
crease with antecedent rainfall and rainfall-at-month of 
testing. The highest variances are associated with tracer 
test conducted in July and October of 2018, and show 
the highest total antecedent rainfall. The lowest variance 
is associated with the test conducted in February 2019, 
which does not have the lowest TAR, but does have the 
lowest rainfall at the month of testing. A non-parametric 
index representing the sum of ranks for rainfall-at-month 
of testing and TAR indeed relates directly to the average 
of variances and the ranking of variances. These results 
suggest that both rainfall patterns during the month of 
testing and total antecedent rainfall affect the variance 
by both affecting velocity variations along the cave, me-
chanical dispersion and dilution processes. 
Flow Estimates
During the tracer experiments performed in February, 
March, and June of 2019 flow measurements at point B 
were compared with flows estimated as the product of 
cross-sectional area and velocities derived from tracer 
Table 3.  Antecedent rainfall, estimated 
velocities, and variances at points A, B, and C 
at different test dates.
Figure 6.  Velocity at peak concentration vs 
relative peak concentrations.
Figure 7.  Comparison of measured flows (QM) 
with those estimated form tracer tests (QTT). 
The circles represent the data, the dash line 
the linear regression of the data, and the 
black line is one-to-one relationship. 
19816TH SINKHOLE CONFERENCE    NCKRI SYMPOSIUM 8
months previous to the month-of-testing. The influence 
of total monthly rainfall during the month of the tracer 
experiments are attributed to rapid recharge into the con-
duit cave, whereas the influence of the TAR is attributed 
to flow previously stored in the groundwater system dur-
ing previous rainfall events. The influence of the TAR 
suggests a large groundwater storage component in these 
aquifers. High TAR results in rapid transport of solutes, 
even when experiments are conducted during a dry 
month. High transport velocities are generally related 
with high relative concentration. High TAR is also asso-
ciated with long tailing and high variance related to vari-
able velocity fields, mechanical dispersion, and dilution. 
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